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SUMMARY AND CONCLUSIONS 

1 . Hair cells in whole-mount in vitro preparations of the utricu- 
lar macula of the bullfrog (Rana cates bei ana ) were selected ac- 
cording to their macular location and hair bundle morphology. 
The sensitivity and response dynamics of selected hair cells to 
natural stimulation were examined by recording their voltage re- 
sponses to step and sinusoidal hair bundle displacements applied 
to their longest stereocilia. 

2. The voltage responses of 3 1 hair cells to sinusoidal hair bun- 
dle displacements were characterized by their gains and phases, 
taken with respect to peak hair bundle displacement. The gains of 
Type B and Type C cells at both 0.5 and 5.0 Hz were markedly 
lower than those of Type F and Type E cells. Phases, with the 
exception of Type C cells, lagged hair bundle displacement at 0.5 
Hz. Type C cells had phase leads of 25-40°. At 5.0 Hz, response 
phases in all cells were phase lagged with respect to those at 0.5 Hz. 
Type C cells had larger gains and smaller phase leads at 5.0 Hz 
than at 0.5 Hz, suggesting the presence of low-frequency adapta- 
tion. 

3. Displacement-response curves, derived from the voltage re- 
sponses to 5.0-Hz sinusoids, were sigmoidal in shape and asym- 
metrical, with the depolarizing response having a greater magni- 
tude and saturating less abruptly than the hyperpolarizing re- 
sponse. When normalized to their largest displacement the linear 
ranges of these curves varied from <0.5 to 1.25 pan and were 
largest in Type B and smallest in Type F and Type E cells. Sensitiv- 
ity, defined as the slope of the normalized displacement-response 
curve, was inversely correlated with linear range. 

4. The contribution of geometric factors associated with the 
hair bundle to linear range and sensitivity were predicted from 
realistic models of utricular hair bundles created using morpholog- 
ical data obtained from light and electron microscopy. Three fac- 
tors, including 1 ) the inverse ratio of the lengths of the kinocilium 
and longest stereocilia, representing the lever arm between kinocil- 
iary and stereociliary displacement; 2) tip link extension /linear 
displacement, largely a function of stereociliary height and separa- 
tion; and 3) stereociliary number, an estimate of the number of 
transduction channels, were considered in this analysis. The first 
of these factors was quantitatively more important than the latter 
two factors and their total contribution was largest in Type B and 
Type C cells. Theoretical models were also used to calculate the 
relation between rotary and linear displacement. When expressed 
in terms of angular rotation, differences in sensitivity among hair 
cell types were increased, suggesting that these differences were 
not due to the manner in which hair bundles were stimulated in 
these studies. 

5. The voltage responses of 16 hair cells to sinusoidal displace- 
ment were examined at four or more frequencies from 0.5 to 125 
Hz. Type B and Type E cells had small bandwidths, with falling 
gains and increasing phase lags at all frequencies. In contrast, Type 


C cells displayed 10- to 20-fold gain enhancements as frequency 
was increased and phase leads, ranging from 20 to 40°, were seen 
between 0.5 and 20 Hz. At higher frequencies. Type C cells had 
decreasing gains and increasing phase lags. Individual Type C cells 
displayed differing amounts of gain enhancement and phase lead 
at low frequencies. Rapidly adapting cells, distinguished by larger 
gain enhancements and larger phase leads, were more likely to be 
located in the outer striolar rows than slowly adapting cells. Type 
F cells did not adapt, displaying constant gains and near-zero 
phases at low frequencies. 

6. Mean sinusoidal gains and phases to hair bundle displace- 
ment were fit by a transfer function, H(s) = H A ( 5) • H T (s). con- 
sisting of two terms thought to represent the adaptation associated 
with mechanoelectrical transduction (H A ) and the gating kinetics 
of voltage-dependent membrane conductances ( H r ). H r was rep- 
resented by a first- or second-order filter, with upper comer fre- 
quencies ranging from <1 to >50 Hz. H A was best fit by a lead 
operator with a fractional exponent, k A . At frequencies above an 
upper comer frequency ranging from <1 to 10 Hz, this operator 
introduced a gain that increased as /** and a phase lead that ap- 
proached 90° • k A . There was a systematic increase in this expo- 
nent from k A = 0 for nonadapting hair cells to k A = 0.25-0.40 for 
adapting hair cells. 

7. The response dynamics of hair cells to hair bundle displace- 
ment differed in two respects from those to intracellular current. 
/) hair cells that adapted to hair bundle displacement did not 
adapt to intracellular current. 2) the bandwidths of cells to hair 
bundle displacement were greater than those to intracellular 
current, presumably reflecting the increased conductance of trans- 
duction channels. 

8. The response dynamics of 15 hair cells were examined with 
step hair bundle displacements. Type B cells in both the striolar 
and extrastriolar regions displayed little or no adaptation to step 
displacements. Other hair cell types displayed conspicuous re- 
sponse declines during step displacement and hyperpolarizing un- 
dershoots at their termination. The rate and extent of adaptation 
varied in different hair cell types. Type C ceils, for example, were 
rapidly or slowly adapting, reaching steady-state levels in 50-100 
ms or 100-200 ms, respectively. Type F and Type E cells adapted 
more slowly, reaching steady-state values in 300-500 ms. With the 
exception of Type E cells, rapidly adapting cells declined to a 
greater extent than slowly adapting ceils. 

9 . With the possible exception of rapidly adapting Type C cells, 
the peak and steady-state responses of adapting hair cells were 
linearly related to step amplitude, suggesting that the time course 
and extent of adaptation were independent of displacement. The 
time course and extent of adaptation, however, were functions of 
step duration, suggesting that adaptation was activated at the on- 
set of the step displacement but its kinetics were controlled by an 
intermediate process with variable response dynamics. This pro- 
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cess may reflect the kinetics of calcium regulation in different hair 
cell types. 

10 . These results indicate that hair cells in the utricular macula 
are organized to encode both static and dynamic information. 
This is largely accomplished by varying the rate and extent of 
adaptation in different hair cell types. Type B cells in both the 
striolar and extrastriolar regions are nonadapting. Hair ceils re- 
stricted to the striolar region, on the other hand, adapt to main- 
tained hair bundle displacement, with Type C cells adapting most 
rapidly and Type F and Type E cells adapting least rapidly. These 
results also suggest that utricular afferents derive much of their 
low-frequency response dynamics from the adaptation kinetics of 
their innervated hair cells. In particular, phasic-tonic afferents 
may derive tonic sensitivity from non-adapting and phasic sensitiv- 
ity from adapting hair cells. Additional micromechanical factors, 
such as differences in the way in which individual hair cells couple 
to the otoconia! membrane, may also be involved. 


INTRODUCTION 

The vertebrate utriculus, one of the vestibular otolith or- 
gans, is a sensor of static gravity and dynamic linear acceler- 
ation (Lewis et al. 1982). In a companion study (Baird 
1994) I studied the voltage responses of hair cells in the 
bullfrog utriculus to intracellular current to understand 
how these receptor cells transduce both tonic and dynamic 
head and body movement. These studies were motivated 
by morphophysiological studies that have suggested that 
the diversity of physiological responses of utricular affer- 
ents is determined, at least in part, by regional variations in 
hair cell transduction mechanisms ( Baird and Lewis 1986). 

My companion studies revealed that hair cells in the bull- 
frog utriculus, classifiable as Type II by cell body and syn- 
apse morphology (Wersall and Bagger-Sjoback 1974), 
differ markedly in hair bundle morphology (Lewis and Li 
1975). These hair cell types have unique macular distribu- 
tions. Moreover, they differ in their passive and active 
membrane properties (Baird 1992, 1994), suggesting that 
they possess different basolateral membrane conductances. 
These basolateral conductances, by acting as frequency-de- 
pendent filters of the receptor current, can modify the re- 
sponses of hair cells to natural stimulation, regulating sensi- 
tivity, frequency selectivity, and modulating synaptic re- 
lease. My previous results suggest that the utriculus is 
regionally organized, with hair cells in the central, or strio- 
lar, region of the utriculus having faster outward potassium 
currents than hair cells in the peripheral, or extrastriolar, 
zone. Moreover, hair cells in the innermost stnola, but no 
others, exhibit electrical resonance. This phenomenon, sim- 
ilar to that seen in some auditory (Crawford and Fettiplace 
1981; Fuchs et al. 1 988; Pitchford and Ashmore 1 987 ) and 
vibratory (Ashmore 1983; Hudspeth and Lewis 1988; 
Lewis and Hudspeth 1983) hair cells, is known to sharpen 
frequency tuning. 

In the present study, I was interested in seeing whether 
hair cell types in the bullfrog utriculus might also differ in 
their voltage responses to hair bundle displacement. I was 
particularly interested in assessing the contributions of two 
factors to the responses of utricular hair cells. First, I was 
interested in examining the effect of hair bundle morphol- 
ogy on the sensitivity of hair cells to natural stimulation. 
This interest was motivated by the observation that vestibu- 


lar hair cells, unlike many auditory hair cells, are not free- 
standing but rather linked to an accessory cupular or oto- 
lithic membrane via the tip of their kinocilium ( Hudspeth 
1986; Roberts et al. 1988; Wersall and Bagger-Sjoback 
1974). Natural stimuli are initially transmitted to this acces- 
sory membrane, which in tum deflects the hair bundles of 
hair cells. This suggests that the morphology of the hair 
bundle is important for determining the sensitivities of indi- 
vidual hair cells to natural stimulation. I therefore used the- 
oretical models of hair bundles to examine the contribution 
of geometric factors associated with these bundles to natu- 
ral sensitivity in different hair cell types. 

I was also interested in examining the contribution, if 
any, of adaptation to the response properties of utricular 
hair cells. As previous studies have shown, hair cells in audi- 
tory (Crawford et al. 1989, 1991) and vibratory ( Assad and 
Corey 1992; Assad et al. 1989; Eatock et al. 1987; Hacohen 
et al. 1989) inner ear endorgans adapt to maintained dis- 
placements of their hair bundles, sharply limiting their low- 
frequency sensitivity. This adaptation is mediated by a shift 
in the displacement-response curve (DRC) of the hair cell 
along the displacement axis. Adaptation does not depend 
on the current through the transduction channel (Assad et 
al. 1989; Eatock et al. 1987). Moreover, adaptation of the 
receptor current proceeds when hair cells are voltage 
clamped to their resting membrane potential and so is not a 
consequence of the voltage change after hair bundle dis- 
placement. These observations suggest that the adaptation 
process occurs within the hair bundle and precedes mecha- 
noelectric transduction. Recent observations of time-de- 
pendent changes in hair bundle stiffness are consistent with 
this conclusion ( Howard and Hudspeth 1987, 1988). 

Adaptation would be expected to be most useful in inner 
ear endorgans in which hair cells are subject to large static 
displacements that could potentially saturate their instanta- 
neous response and compromise their sensitivity to high- 
frequency stimulation. Hair cells in these organs, by adapt- 
ing to these static displacements, would restore their sensi- 
tivity to smaller, more dynamic stimuli. The adaptation 
process also permits hair cells to maintain their sensory hair 
bundle in the most sensitive portion of their DRC. In vestib- 
ular otolith organs in which static sensitivity is desirable, 
such as those endorgans that provide static gravitational 
sensitivity, any adaptation process in the hair cells may be 
undesirable. In these hair cells, the adaptive shift process 
may not exist or may proceed at a very low rate. To test this 
hypothesis, I measured the rate and extent of the decline of 
the voltage responses of utricular hair cells to step and sinu- 
soidal hair bundle displacements. I then compared, for simi- 
lar resting potentials and response amplitudes, the voltage 
responses of individual hair cells to both hair bundle dis- 
placement and intracellular current. 

These results suggest that hair cells in the bullfrog utricu- 
lus, besides differing in their basolateral membrane con- 
ductances, also differ in their sensitivity and response dy- 
namics to hair bundle displacement. Sensitivity differences 
between hair cells are at least partially due to geometric 
factors associated with the stereociliary array. Differences 
in the low-frequency response dynamics of utricular hair 
cells, on the other hand, appear to largely reflect the time 
course of adaptation in individual hair cells. Moreover, 
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studies of the peripheral innervation patterns of utricular 
afferents (Baird and Schuff 1994) further suggest that the 
kinetics of the hair cell adaptation process also determine 
the tonic and phasic sensitivities of utricular afferents to 
head and body movement. 

Preliminary accounts of portions of this data have been 
presented in both abstract (Baird and Schuff 1990, 1991 ) 
and short manuscript form (Baird 1992). 

METHODS 

Whole-mount in vitro preparations of the utricular macula 
were isolated as in the preceding paper (Baird 1994). Briefly, bi- 
sected utricular maculae were mounted flat, hair ceils uppermost, 
within a small chamber on the fixed stage of an upright micro- 
scope ( Zeiss model 1 6 ) . I then positioned macular pieces so that 
the morphological polarization vectors of hair ceils in the central 
macula were oriented perpendicular to a stimulating probe. The 
macular locations and hair bundle morphology of selected hair 
cells were identified on-line using Nomarski optics and a contrast- 
enhancement video camera (Hamamatsu C2400-07). Camera 
images of selected hair cells were stored on an S-VHS videotape 
recorder (Panasonic PV-S4864). The apical surfaces of selected 
utricular hair cells were impaled as in the previous paper ( Baird 
1994) with conventional intracellular microelectrodes pulled 
from thin-walled aluminosilicate glass. 

Hair bundle stimulation 

Hair cells were mechanically stimulated by deflecting their hair 
bundles with stiff borosilicate glass probes pulled to 0.5 to 1.0-^m 
tips (Corey and Hudspeth 1980). Stimulating probes were bent 
using a heated filament so that their final millimeter was parallel 
to the plane of the macula. After being cleaned in a sulfate-nitric 
acid solution and rinsed in distilled water they were mounted to a 
piezoelectric bimorph element (Vemitron PZT-5B) and driven 
via leads soldered to their nickel-plated surface by a waveform 
generator ( Wavetek model 185). The driving signal from this gen- 
erator was filtered at 1 kHz to minimize a probe mechanical reso- 
nance at — 10 kHz. Stimulating probes were positioned against the 
hair bundle of selected hair cells with a hydraulically controlled 
Huxley-style micromanipulator (Sutter). Probe motion in re- 
sponse to applied voltages was calibrated against a stage microme- 
ter at high magnification (X 10,000). 

I had originally hoped to stimulate hair cells at the distal tip of 
their kinocilium to simulate the action of natural stimulation on 
the hair bundle. It proved difficult, however, to visualize and cou- 
ple stimulating probes to the distal tip of the kinocilium in whole- 
mount preparations. Hair cells were therefore approached from 
the stereociliary side and stimulated at the level of their longest 
stereocilia. After coupling the stimulus probe to the hair bundle I 
made small adjustments of the stimulating probe with the Huxley- 
style micromanipulator or by adjusting a DC bias voltage applied 
to the stimulating probe. The probe position that gave the largest 
voltage response to a 5.0-Hz sinusoidal stimulus was taken as the 
resting position of the hair bundle. Stimulus probes were observed 
on a video monitor at high magnification (x 10,000) during hair 
bundle displacement to verify the lack of relative motion between 
the probe and the hair bundle. Theoretical models of hair bundles 
were used to normalize the resulting responses for differences in 
hair bundle morphology (see below). 

Data analysis 

Sinusoidal hair bundle displacements at 0.5 or 5.0 Hz, pre- 
sented in bursts of five to six cycles, were delivered to hair cells via 
stimulating probes. The amplitude of sinusoidal hair bundle dis- 


placements was varied from 0.25 to 2 Mm, producing peak voltage 
responses from <5 to 20 mV. Setting the stimulus amplitude to 
give a maximum response at <10 mV, I then examined the re- 
sponses of hair cells to sinusoidal hair bundle displacements in the 
frequency range from 0.5 to 200 Hz using individual sinusoids and 
logarithmic frequency sweeps. If possible the responses of hair 
cells to sinusoidal intracellular current were also recorded. During 
frequency sweeps hair cells were stimulated at a start frequency 
(0.5 or 5.0 Hz) for several seconds before initiation of the fre- 
quency sweep. They were then stimulated successively for — l s 
each with 15 additional frequencies (not including the end fre- 
quency) equally spaced in frequency from the start frequency ( 0.5 
or 5.0 Hz) to the end frequency (20 or 200 Hz). For both stimuli 
the responses to successive sine wave cycles were averaged: the 
number of averaged cycles varied with stimulus frequency, rang- 
ing from 2 at 0.5 Hz to 16 at 125 Hz, Sinusoidal gains and phases 
were extracted by a Fourier analysis of the averaged responses and 
expressed with respect to peak intracellular current or hair bundle 
displacement. Gain was calculated as the ratio of a hair cell’s re- 
sponse amplitude at the fundamental frequency divided by the 
amplitude of intracellular current or hair bundle displacement. 
Nonlinear distortion was measured as the ratio of the root-mean- 
squared (rms) amplitude of the second to the fifth harmonics to 
the rms amplitude of the fundamental component. 

The response dynamics of hair cells to hair bundle displacement 
were further assessed with step displacements of varying ampli- 
tude and duration, displacing the hair bundle both parallel and 
antiparallel to its vector of morphological polarization. Step dis- 
placements ( 100 ms to 10 s in duration were usually alternated 
between positive (excitatory) and negative (inhibitory) values, 
starting at 1 or 2 mhi and halving step amplitude with each itera- 
tion until reaching a final value of 0.25 Mm. In a few cases the 
stimulating probe was visually observed to lose contact with the 
hair bundle during the return phase of a step displacement. This 
loss of contact was correlated with a slow return of membrane 
potential to its resting value rather than a distinct discontinuity at 
the termination of the displacement step. 

Calculational procedures 

DRCs. DRCs were determined from the rising or falling phases of 
the response to 5.0-Hz sinusoidal hair bundle displacements by 
plotting, for each cycle of the sinusoidal stimulus, the value of 
membrane voltage versus hair bundle displacement. The intersec- 
tion of the DRCs derived from the rising and falling phases of the 
sinusoidal responses was taken to be the rest position of the hair 
bundle. To minimize the phase shift and hysteresis associated with 
the sinusoidal stimulus I then shifted the DRC derived from the 
rising phase of the sinusoidal response with respect to the displace- 
ment axis to place the rest position at zero displacement and nor- 
malized the result to its maximum voltage response. Normalized 
DRCs derived from the rising phases of the sinusoidal responses of 
individual cells were then averaged to obtain the mean DRCs of 
different hair cell types. The linear range of DRCs was defined to 
be the range of displacements that generated 10-90% of the nor- 
malized voltage response. Sensitivity of a hair cell to displacement 
was defined as the slope of its normalized DRC within its linear 
range. 

TRANSFER FUNCTIONS. A nonlinear modeling technique was 
used to fit a transfer function. H{s), the ratio of the Laplace trans- 
form of the voltage response to the Laplace transform of the sinu- 
soidal stimulus, to a set of mean frequency response data given by 
gain and phase values at specified discrete frequencies (Seidel 
1975). The general form and number of parameters of a transfer 
function, H{s), were first specified in terms of a gain term, any 
number of simple or complex poles and / or zeros, and, if desired, a 
zero term raised to a fractional exponent. A Fortran computer 
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program (TRNFIT) then provided estimates of the fit parameters 
on the basis of a minimization of the squared error between the fit 
model and the mean gain and phase data. This error was weighted 
by the difference in frequency between succeeding data points and 
taken over all frequencies for which mean data was available. Fits 
provided by transfer functions were described in terms of rms 
errors in gain and phase. 


Morphological analyses 

To examine the hair bundle morphology of individual utricular 
hair ceils in detail, two utricular maculae were prepared for elec- 
tron microscopy. Maculae were first fixed for 2 h in a solution 
containing 1.25% giutaraldehyde- 1 .0% paraformaldehyde and 5 
mM CaCl 2 in 0. 1 M phosphate buffer ( pH 7.25 ) . They were then 
postfixed at 4°C for 1 h in a 1.0% giutaraldehyde- 1 .0% osmium 
tetroxide solution in 0. 1 M phosphate buffer, dehydrated in a se- 
ries of ethanol solutions, and embedded in acrylic resin (London 
Resin LR White). After embedding, the hair bundles of hair cells 
were serially sectioned at a thickness of 200 nm on an ultramicro- 
tome (LKB Nova). Thin sections were collected on Formvar- 
coated grids and stained for 3 min with 10% uranyl acetate in 25% 
ethanol and 10-20 s with lead citrate. Thick (0.2 /tin) sections 
were cut every 1 to ensure the completeness of the hair bundle, 
to determine the position of thin sections from the apical surface, 
and to allow individual hair bundles to be identified at the light 
microscopic level. Thin sections were examined, photographed, 
and videotaped in a transmitting electron microscope ( Zeiss 1 0C/ 
A) operated at an accelerating voltage of 80 kV. 

Hair cells were identified, as in previous studies (Baird 1992, 
1994), from their macular location and hair bundle morphology. 
This was done by examining thick sections of hair bundles at vary- 
ing heights above the apical surface and noting the size of the hair 
bundle, the presence or absence of a bulbed kinocilium, and the 
relative lengths of the kinocilium and longest stereocilia. Selected 
hair bundles were then further examined in thin sections taken 
above the height of the apical surface and below the height of their 
shortest stereocilia. Splayed hair bundles were excluded from fur- 
ther analysis. 

Electron photomicrographs and videotaped images of selected 
hair bundles were input to a computerized image analysis system 
(Bioquant System IV) for morphometric analysis (Fig. I, a and 
b). For each identified hair bundle the number of stereocilia were 
counted. Mean stereociliary diameter was determined by averag- 
ing the diameter of all stereocilia in the stereociliary array. The 
mean spacing between adjacent stereocilia was determined by av- 
eraging the distance between stereocilia in adjacent rows. 

Theoretical models of utricular hair bundles 

Theoretical models of utricular hair bundles were created using 
morphological data from our electron microscopic studies and the 
previous paper ( Baird 1 994 ) . I first estimated the relation between 
angular rotation and linear displacement for different hair cell 
types, assuming that the stereociliary array pivoted as a stiff beam 
about its base. Using simple geometry ( Fig. lc), the angle of rota- 
tion, 0 r , is equal to sin' 1 (*//*), where x is the linear displace- 
ment applied to the hair bundle and l u is the length of the longest 
stereocilia (Table I, Baird 1994). 

The hair bundles of individual hair cell types were further char- 
acterized by three geometric factors, the product of which repre- 
sents the total contribution of these factors to hair cell sensitivity. 
The first factor was a measure of the mechanical advantage af- 
forded the hair bundle by the differential anchoring points of its 
kinocilium and longest stereocilia ( Fig. Lc). This factor was deter- 
mined from the ratio of the lengths of the kinocilium (/ k ) and the 
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fig. 1. Transmission electron photomicrographs of cross-sectioned 
Type B (a) and Type F {b) hair bundles in the medial extrastriolar and 
striolar regions, respectively, c: schematic representation of hair bundle 
during excitatory displacement with definition of geometric variables used 
in theoretical modeling. K. kinocilium; / k , kinociliary length: S, stereocilia: 
/ tI , longest stereociliary length; /„, shortest stereociliary length; stereocil- 
iary diameter; j,, stereociliary spacing; 0 r , angular rotation. Ban 1 ^m. 


longest stereocilia (/ ls ), mean values of which were obtained from 
the previous paper (Table 1, Baird 1994). A second factor, ex- 
pressed as the amount of tip-link extension per linear displace- 
ment, was calculated using BUNDLE, a computer program cre- 
ated by Dr. D. Corey of the Massachusetts Eye and Ear Infirmary. 
In this calculation, the length, diameter, and spacing of individual 
stereocilia in different hair cell types were obtained from my elec- 
tron microscopic studies. The resting position and resting lengths 
of tip links were arbitrarily assigned to typical values for saccular 
hair cells (D. Corey, personal communication). The third factor, 
a measure of the number of transduction channels, was set equal 
to 5 times the number of stereocilia in the hair bundle ( Holton 
and Hudspeth 1986). 

Statistical procedures 

Unless otherwise stated, statistical comparisons of morphomet- 
ric and physiological data were based on a one-way analysis of 
variance. Where appropriate, post hoc pairwise multiple compari- 
sons were performed using the Tukey multiple comparison test, 
adjusting when necessary for unequal group sizes (Miller 1977). 
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fig. 2. Voltage responses of a Type F cell to 1.0-^m {A), 0.5-Mm (3), 
and 0.25-Mm (C) 5.0-Hz hair bundle displacements. 

RESULTS 

Responses to sinusoidal hair bundle displacement 

The responses of 3 1 utricular hair cells were examined to 
0.5- or 5.0-Hz sinusoidal hair bundle displacements. Of this 
total, 3 were Type B hair cells located in the medial extrastri- 
ola. The remaining 28 hair cells, including 4 Type B, 13 
Type C, 7 Type F, and 4 Type E cells, were from the striolar 
region. I did not obtain the responses of any Type B cells in 
the lateral extrastriola to hair bundle displacement. The re- 
sponses of hair cells to sinusoidal hair bundle displacements 
were characterized by their gains and phases, taken with 
respect to peak hair bundle displacement. Sinusoidal re- 
sponses, even in the most sensitive hair ceils, were linear for 
peak response amplitudes <10 mV (Fig. 2 C), but become 
increasingly nonlinear for larger stimulus amplitudes ( Fig. 
2, A and B) . At small stimulus amplitudes nonlinear distor- 
tion was usually near 1 0%. Response linearity was also stud- 
ied in 10 cells by varying the amplitude of 5.0-Hz sinusoids 
from 0.25 to 1.0 /im. The variation of sinusoidal gain and 
phase with amplitude was small, averaging ±10% and ±5°, 
respectively. 

The sinusoidal gains and phases of 1 7 hair cells at 0.5 Hz 
and 31 hair cells at 5.0 Hz are plotted in Fig. 3, A and B, 
respectively. The gains of Type B cells, whether in the extra- 
striolar (open circles) or striolar ( solid circles) region, were 
markedly lower than those of other hair cell types ( Fig. 3, A 
and R). This was also true, to a lesser extent, for Type C 
cells ( squares ) . Type C cells also had large phase leads at 0.5 
Hz. The phases of other cells, with the exception of two 
transitional cells (see below), lagged hair bundle displace- 
ment. Type B cells in the striola were more phase lagged 
than their extrastriolar counterparts. Three hair cells (cir- 
cled symbols) had transitional responses. These included a 
Type B cell that, like Type C cells, strongly phase-led hair 
bundle displacement and a Type C cell that, like Type B 


cells, phase-lagged hair bundle displacement. Both these 
cells were located on the striolar border. In addition, one 
Type F cell had high gains but. like Type C cells, phase-led 
hair bundle displacement at both 0.5 and 5.0 Hz. 

With the exception of Type C cells, gains at 5.0 Hz were 
less than or equal to those at 0.5 Hz. The responses of all 
hair cells were also more phase lagged at 5.0 than at 0.5 Hz. 
This is evident from Fig. 3 C, which plots the gain ratio and 
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fig. 3. A and B: gain plotted vs. phase for 17 hair cells at 0.5 Hz (.-1 ) 
and 3 1 hair cells at 5.0 Hz (B) in response to sinusoidal hair bundle dis- 
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phase difference at 0.5 and 5.0 Hz for 17 cells that were 
examined at both frequencies. Type B (circles) and Type E 
(crosses) cells had smaller gains and larger phase lags at 5.0 
Hz than at 0.5 Hz, suggesting that they had smaller band- 
widths than other hair cell types. By contrast, the responses 
of Type C cells (squares) at 5.0 Hz were larger than at 0.5 
Hz, indicating the presence of low-frequency adaptation 
(see below). The gains and phases of Type F cells (trian- 
gles) were similar at both frequencies. 

DRCs of hair cells 

DRCs, determined from the rising phase of the voltage 
responses of hair cells to 5.0- Hz sinusoids (see methods), 
were sigmoidal in shape. They were also asymmetrical, with 
their resting bundle position displaced toward negative 
displacements and the positive response evoked by move- 
ments toward the kinoinlium exhibiting a greater magni- 
tude and more gradual saturating approach than the nega- 
tive response. When normalized to their largest displace- 
ment, these curves differed in both their linear range and 
their sensitivity to hair bundle displacement. Type B cells, 
in both the striolar (open circles) (n = 2) and medial 
extrastriolar (solid circles) (rt = l ) regions, had the largest 
linear ranges of utricular hair cells ( Fig. 4, top). Type C cells 
(n = 8) had somewhat smaller linear ranges, averaging 0.75 
fim ( Fig. 4, top middle) . The linear ranges of T ype F ( n = 6 ) 
and Type E (n = 3) cells (Fig. 4, bottom middle and bot- 
tom), with the exception of a single transitional Type F cell 
(open triangles), were <0.50 ^m and were significantly 
smaller than those ofType B and Type C cells. The DRC of 
the transitional Type F cell closely resembled that ofType 
C cells. Sensitivity, defined as the slope of the normalized 
DRC, ranged from <0.50 to >1.5 p.m~ x and was inversely 
correlated with linear range. 

Theoretical models of hair bundles 

Differences in linear range and sensitivity between utricu- 
lar hair cell types could be due to geometric factors asso- 
ciated with their hair bundles and to the way in which hair 
bundles were stimulated in this study. T o test these possibili- 
ties, I created theoretical models of hair bundles using mor- 
phological data obtained from light and electron micros- 
copy. These models were used to estimate the in situ sensi- 
tivities of different hair cell types and to quantify geometric 
factors associated with hair bundle types that might be in- 
volved in determining the sensitivity of individual hair cells 
to natural stimulation. 

Morphometric data obtained from light and electron mi- 
croscopy are summarized in Table 1, which also includes 
the results of statistical tests. Measurements of kinociliary 
and stereociliary lengths were determined from a morpho- 
logical study of 135 hair cells in the previous paper (Baird 
1994). The mean number, diameter, and spacing of stereo- 
cilia in the hair bundle of each hair cell type were measured 
in a separate population of 88 hair cells whose cross-sec- 
tioned hair bundles were examined in the electron micro- 
scope. When Type B and Type C cells are compared with 
Type F and Type E cells, the kinocilia of the former are 
longer and the shortest and longest sterocilia shorter in 
length than those of the latter. The stereocilia ofType B and 
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fig. 4. Mean displacement-response curves (DRCs) of 3 Type B. 8 
Type C, 6 Type F, and 3 Type E hair ceils determined from the normalized 
voltage responses to 5.0-Hz hair bundle displacement For Type B cells, 
open symbols indicate the DRC of an extrastriolar Type B cell; solid sym- 
bols indicate the mean DRC of two striolar Type B cells. For Type F cells, 
open symbols indicate the DRC of a transitional Type F cell whose voltage 
response, unlike those of typical Type F cells, demonstrated adaptation to 
hair bundle displacement ( see text ); solid symbols indicate the mean DRC 
of 5 typical Type F cells. Circles: Type B. Squares: Type C. Triangles: Type 
F. Crosses: Type E. Points: means. Bars: SDs. 
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TABLE 1, Morphological properties , utricular hair bundles 


Stereociliary 


Cell 

Type 

n 

Number 

Diameter, 

nm 

Spacing, 

n 

Shortest 
length, mui 

Longest 
length. Mm 

Kinociliary 
Length. Mm 

Type B 

22 

38.0 ± 3.9 

0.19 ±0.03 

0.33 ± 0.04 

55 

1.1 ±0.5 

3.8 ± 1.0 

12.2 ± 1.9 

MES 

11 

'39.2 ±4.6 

0.20 ± 0.04 

0.33 ± 0.05 

30 

1.2 ±0.5 

4.0 ± 0.9 

12.6 ± 1.6 

MS/LS 

0 

— 

— 

— 

6 

0.7 ± 0.4 

2.8 ± 0.4 

10.3 ± 1.9 

LES 

11 

36.8 ± 3.0 

0.17 ±0.01 

0.32 ± 0.04 

19 

l.l ± 0.4 

3.9 ± 1.0 

12.1 ± 2.0 

Type C 

15 

42.4 ± 6.0 

0.24 ± 0.04 

0.38 ± 0.06 

41 

1.3 ±0.6 

6.3 ± 1.2 

16.6 ± 2.3 

Type F 

32 

46.7 ± 5.9 

0.33 ± 0.05 

0.70 ± 0.08 

23 

1.9 ±0.9 

8.2 ± 1.3 

9.3 ± 1.2 

Type E 

19 

34.7 ± 6.3 

0.33 ± 0.05 

0.69 ± 0.08 

16 

2.1 ±0.7 

8.9 ± LI 

9.8 ± l.l 


Values are means ± SD. n is number of hair bundles {left) or hair cells {right). Stereociliary number, diameter, and spacing were measured from electron 
micrographs of identified hair bundles. Kinociliary and stereociliary lengths were measured with light microscopy in a separate population of cross-sec- 
tioned hair cells (Baird 1994, Table 1). The following differences were statistically significant. Stereociliary number Type F vs. Types B and E, Type C vs. 
Type E, P < 0.001. Stereociliary diameter: Types F and E vs. Types C and B, P < 0.001 in all cases. Stereociliary spacing: Types Fand E vs. Tvpes C and B. 
P < 0.00 1 in all cases; Type C vs. Type B, P < 0.0 1 . Shortest stereociliaiy length: Type E vs. Types C and B, Type F vs. Type B, P < 0.00 1 ; Type F vs. Type 
C, P < 0.005. Longest stereociliary length: Types E and F vs. Types C and B, Type C vs. Type B, P < 0.00 1 in all cases. Kinociliary length: types C and B 
vs. Types E and F, Type C vs. Type B, P < 0.001 in all cases. MES, medial extrastriola; MS, medial striola; LS, lateral striola; LES, lateral extrastnola. 


Type C cells are also smaller in diameter and more closely 
spaced than those of Type F and Type E cells. Type F cells 
had greater numbers of stereocilia than other hair cell types. 
Regional variations in hair bundle morphology were small 
and insignificant 

Previous studies (Ohmori 1985, 1987) have argued that 
angular rotation, rather than lateral displacement, is the 
natural stimulus to hair cells. For technical reasons hair 
cells in this study were stimulated at the height of their 
longest stereocilia. Because this height varies for different 
hair cell types (Table 1 ) the rotary stimulus applied to hair 
cells was a function of stereociliary height. Using simple 
geometry I therefore calculated the relation between linear 
displacement and angular rotation to normalize the sensitiv- 
ities of different hair cell types (Table 2). Assuming that 
each stereocilia pivots as a stiff beam about its base, the 
angular rotation experienced by the hair bundle, 0 r , is 
equal to sin -1 (x// l# ), where x is the linear displacement 
applied to the hair bundle and / b is the length of the longest 
stereocilia ( Fig. 1C). Normalized sensitivities, expressed as 
a function of angular rotation, were markedly different in 
different hair cell types, with Type B, and to a lesser extent. 


Type C cells having lower sensitivities to sinusoidal hair 
bundle displacement than Type F and Type E cells. Differ- 
ences in the sensitivities of hair cell types were greatly en- 
hanced by the normalization procedure, suggesting that dif- 
ferences in sensitivity between hair cell types were not due 
merely to the manner in which hair bundles were stimu- 
lated in these studies. 

Hair bundles were also characterized by three geometric 
factors, the product of which represents the total contribu- 
tion of these factors to hair cell sensitivity. These factors are 
summarized in Table 2, which also includes the results of 
statistical tests. The first factor, determined from the ratio 
of the lengths of the kinocilium and longest stereocilia, was 
a measure of the mechanical advantage afforded hair bun- 
dles by the differential anchoring points of their kinocilium 
and longest stereocilia. In this analysis I assumed that hair 
bundles were firmly attached to the otolith membrane by a 
rigid kinocilium and that displacement was conveyed to the 
stereociliary array via lateral linkages that attach the tallest 
stereocilia to the kinocilium. Under these circumstances the 
kinocilium would be expected to decrease the amplitude of 
the linear displacement experienced by the stereociliary 


TABLE 2. Normalization factors , utricular hair bundles 


Cell 

Type 

n 

Rotary/ Lateral 
Displacement, 
% m 


n 

Tip-link Extension/ 
Lateral Displacement, 
F2 

Number of 
Stereocilia, 
F3 

Total. 

FI x F2 x F3 

Type B 

55 

16.4 ±5.0 

0.32 ± 0.08 

22 

0.092 ± 0.029 

38.0 ± 3.9 

1.07 

MES 

30 

15.5 ±4.1 

0.32 ± 0.08 

11 

0.086 ± 0.022 

39.2 ± 4.6 

1.08 

MS/LS 

6 

21.4 ± 3.6 

0.28 ± 0.06 









LES 

19 

16.2 ± 5.8 

0.33 ± 0.08 

11 

0.090 ± 0.032 

36.8 ± 3.0 

L09 

TypeC 

41 

9.5 ± 1.9 

0.38 ± 0.07 

15 

0.062 ±0.014 

42.4 ± 6.0 

1.18 

Type F 

23 

7.2 ± l.l 

0.89 ±0.10 

32 

0.087 ±0.017 

46.7 ± 5.9 

3.62 

Type E 

16 

6.5 ± 0.8 

0.92 ±0.12 

19 

0.076 ±0.010 

34.7 ± 6.3 

2.43 


Values are means ± SD. n is number of hair cells (left) or hair bundles {right). Length into (FI) is the inverse ratio of the kinociliary and longest 
stereociliary lengths, obtained from the previous paper (Baird 1 994, Table l ). Rotary/linear displacement is defined by sin** 1 (///, J, where /„ is the length of 
the longest stereocilia. Stereociliary number, diameter, and spacing were measured from electron micrographs of identified hair bundles. Tip-link 
extension/lateral displacement (F2) is obtained from the above measurements and the computer program BUNDLE (see text). The following differences 
were statistically significant. Rotary/ lateral displacement: Type B vs. Types C, F, and E, striolar Type B vs. MES Type B. P < 0.00 1 ; stnolar Type B vs. 
LES Type B, ^<0.01 ; Type C vs. Types F and E, P < 0.05. Length ratio (FI): Types E and F vs. Types C and B, TvpeC vs. Tvpe B. P < 0.00 1 in all cases. 
Tip link extension/lateral displacement (F2): Types B and F vs. Type C, P < 0.00 1 ; Type B vs. Type E, P < 0.05. Number of stereocilia (F3): Type F vs. 
Types B and E, Type C vs. Type E, P < 0.001. For abbreviations, see Table 1. 
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array and the in situ sensitivity of a hair cell would actually 
be less than that measured in this study. This reduction, 
which ranged in value from 0.16 to 1.08, was 2-3 times 
larger in Type B and Type C cells than in Type F and Type 
E cells (Table 2). A second factor, a measure of tip-link 
extension per linear stereociliary displacement, was calcu- 
lated assuming that the hair bundle was stimulated at its 
longest stereocilia and that each stereocilia pivoted as a stiff 
beam about its base. This factor, which was largely depen- 
dent on the height and spacing of adjacent stereocilia in the 
stereociliary array, ranged in value from 0.04 to 0.18 and 
was larger in Type B and Type F cells than in Type C and 
Type E cells. Finally, I considered the possibility that hair 
bundles differed in their number of stereocilia and therefore 
the number of their transducer channels. The number of 
stereocilia in individual hair cells varied by a factor of two, 
ranging from 24 to 57. The mean number of stereocilia was 
significantly larger in Type F cells than in other hair cell 
types. On the basis of geometric factors alone, the above 
analysis suggests that Type B and Type C cells should have 
sensitivities to linear displacement 2-3 times smaller than 
those of Type F and Type E cells. This difference was due 
largely to the large mechanical advantage afforded Type F 
and Type E cells by their short kinocilium and long stereo- 
cilia. 

Response dynamics to sinusoidal hair bundle displacements 

The responses of 1 6 hair cells, including 2 Type B, 8 Type 
C, 3 Type F, and 3 Type E cells, were obtained to logarith- 
mic sweeps of hair bundle displacement between 0.5 and 
200 Hz (Fig. 5). There were striking differences in the re- 
sponses of hair cells to sinusoidal hair bundle displacement. 
The responses of Type B cells were small and decreased 
sharply with increasing frequency. Type C cells had iarger 
responses and responded to much higher frequencies than 
Type B cells. In addition, the responses of Type C cells 
showed conspicuous response declines for frequencies <5 
Hz. Type F and Type E cells displayed the largest responses 
to hair bundle displacement. Type F cells had responses 
similar to those of Type C cells but did not exhibit response 
declines at low frequency. The responses of Type E cells 
declined sharply with increasing frequency, resembling the 
responses of Type B ceils. At higher stimulus amplitudes 
these hair cells were also strongly rectifying, displaying a 
marked DC response at higher frequencies for which no 
fundamental response was evident. This rectification, un- 
like the low-frequency response declines in Type C cells 
(see below), was also evident in the responses of Type E 
cells to intracellular current (Baird 1994). 

The effect of stimulus amplitude on sinusoidal gain and 
phase was not systematically examined at all stimulus fre- 
quencies. Rather, stimulus amplitude was adjusted be- 
tween 0.5 and 2 nm to give a maximum response at <10 
mV, a level of response for which the variation of sinusoidal 
gain and phase with stimulus amplitude at 5.0 Hz was small 
(Fig. 2). A similar result was seen in two Type C cells in 
which sinusoidal gain and phase were examined at multiple 
stimulus amplitudes at additional frequencies, justifying 
the presentation of frequency response data in the form of 
normalized Bode plots. 


Bode plots for 16 individual hair cells for which voltage 
responses were obtained at four or more frequencies be- 
tween 0.5 and 125 Hz are shown as solid lines in Fig. 6. 
Where applicable, the group means tor the four hair cell 
types, separately calculated for gains and phases, are also 
shown (open circles). The responses of two Type B cells, 
one from the striola and the other from the medial extra- 
striola. are shown at the far left. For frequencies >5 Hz the 
extrastriolar Type B cell displayed falling gains and increas- 
ing phase lags with increasing frequency. The response of 
this cell was not examined at lower frequencies. The striolar 
Type B cell had a smaller bandwidth than its extrastriolar 
counterpart. In contrast. Type C cells displayed 10- to 20- 
fold gain enhancements as frequency was increased and 
phase leads, ranging from 20 to 40°, were seen between 0.5 
and 20 Hz. At higher frequencies Type C ceils displayed 
decreasing gains and increasing phase lags. Individual T vpe 
C cells displayed differing amounts of gain enhancement 
and phase lead at low frequencies. For higher frequencies 
the response dynamics of individual Type C cells were simi- 
lar, suggesting that the response dynamics of Type C cells 
were governed by two components, one dominating their 
responses at lower frequency and the other dominating at 
higher frequencies (see below). Rapidly adapting Type C 
cells (heavy lines), distinguished by large gain enhance- 
ments and large phase leads, differed from more slowly 
adapting Type C cells (light lines) in two respects. 1) they 
had higher sensitivities to hair bundle displacement. 2 ) they 
displayed gain enhancements and phase leads at higher fre- 
quencies than more slowly adapting Type C cells. The de- 
gree of adaptation in Type C cells was also correlated with 
macular location, with rapidly adapting cells tending to be 
located in the outer striolar rows and slowly adapting cells 
in the inner striolar rows. In particular, two of three rapidly 
adapting Type C cells were located in the outer rows, 
whereas three of five slowly adapting Type C cells were 
located in the inner rows. Type F cells, with one prominent 
exception (heavy lines), had near-constant gains and 
phases hovering near zero at low frequencies. The excep- 
tional. cell, like Type C cells, displayed increasing gain and 
phase leads at low frequencies and. unlike typical Type F 
cells, was located in the outer striolar rows. At higher fre- 
quencies, Type F cells displayed decreasing gains and in- 
creasing phase lags. Type E cells had small bandwidths. dis- 
playing falling gains and increasing phase lags with increas- 
ing frequency. 

Transfer functions 

The gains and phases of individual Type B cells and the 
group means and phases of the hair cell types to hair bundle 
displacement were fit by a transfer function. H(s) = 
H a (s) • // T (.s), made up of two components. As I will argue 
in the discussion, it is convenient to think of H K (s) as 
reflecting the dynamics of an adaptation process associated 
with mechanoelectric transduction and H T (s ) as a dynamic 
component introduced by other transduction processes 
within the hair cell, primarily the gating kinetics of voltage- 
dependent conductances in the apical and basolateral 
membrane. 

The response dynamics of adapting hair cells could not 



HAIR CELLS IN THE BULLFROG UTRICULUS. II 


693 


0.5 Hz 20 Hz 5 Hz 200 Hz 

a-i^yx/vvwfSH mummmmm 


TYPE C 
-59 mV 






TYPE F 
-70 mV 






rg. 5. Voltage responses of typical Type B. 
Type C, Type F, and Type E cells to logarithmic 
sweeps of sinusoidal hair bundle displacement 
in the frequency ranges of 0.5-20 and 5-200 Hz. 




be fit by an integral lead operator because low-frequency 
gains in these cells increased as a fractional power of sinusoi- 
dal frequency and phase leads, even in the most rapidly 
adapting hair cells, did not approach 90°. I therefore 
adopted the first-order fractional-lead operator, H A (s) = 
( 1 +5t a )* a , where k A is a fractional exponent and r A is an 
adaptation time constant, to provide the gain enhancement 
and phase leads seen in adapting hair cells. This operator, 
above an upper comer frequency of 1 / (2 t r A ), introduces 
a gain that increases as /* A and a phase lead that approaches 
90° • k A (Thorson and Biederman-Thorson 1974). The 
high-frequency response dynamics of utricular hair cells 
were represented by a second-order lag element, H T (s) = 
1/(1 + s r T1 )( 1 4* s r T2 ), where r T1 and are time con- 
stants, because the phase lags of many cells at these frequen- 
cies were >90°. This lag element accounts for the high-fre- 
quency phase lags observed in all hair cells and for the fact 
that the high-frequency phase leads seen in adapting hair 
cells were smaller than would be predicted solely from the 
fractional-lead operator. 

The mean frequency response data of each hair cell type, 
illustrated in Fig. 7, was fit to the transfer function H(s) = 
H a {s) ■ H t (s) using a least-squares fit (see methods). The 
best-fitting transfer functions for each hair ceil type in the 
frequency range from 0.5 to 125 Hz, shown as solid lines in 
Fig. 7, provided good approximations to the experimental 
data. The average gain and phase errors for all 1 6 hair cells 
were 9.5% and 3.7°, respectively. The small size of the fit- 


ting errors implies that the Bode plots for the mean fre- 
quency response data can be summarized in terms of their 
transfer function parameters. The best-fitting transfer func- 
tion parameters for the different hair cell types are summa- 
rized in Table 3. Type B and Type F cells ( Fig. 7, A and B) 
had strongly overdamped response dynamics. H T (s) in 
these cells could be reduced to a first-order lag element, 
H t (s) = 1/(1 + s t t ), with little or no increase in fitting 
errors, indicating that their response dynamics in the fre- 
quency range from 0.5 to 125 Hz were dominated by a 
single real pole. The mean response dynamics of Type C 
and Type E cells (Fig. 7, C and D), on the other hand, were 
best fit by second-order lag elements. The gain and phase 
errors of Type C cells (with those for Type E cells in paren- 
theses) for a second-order lag element were 6.2% (9.6%) 
and 4.4° (3.0°), respectively. The best-fitting one-term op- 
erator, H t (s) = 1/(1 +5t t ), with t t =» 9.1 s ( 13.8 s), 
increased these errors to 9.0% ( 10.8%) for gain and 7.1° 
( 17.7°) for phase. 

Differences in the low-frequency response dynamics of 
utricular hair cells to hair bundle displacement were largely 
accounted for by variations in a single parameter, k A . Type 
B and Type F cells, at least for frequencies >0.5 Hz, did not 
exhibit adaptation and had near-zero k A values. Type C 
cells, on the other hand, uniformly adapted to hair bundle 
displacement and had a mean k A value of 0.24. Individual 
Type C cells that differed in their degree of adaptation to 
hair bundle displacement also differed in their values of k A , 
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FREQUENCY (Hz) 

fig. 6. Bode plots of gains (fop) and phases (bottom) for 2 Type B, 8 Type C, 3 Type F, and 3 Type E cells to sinusoidal 
hair bundle displacement. Lines: curves for individual cells. Circles: means for all cells in each category. For Type C cells, 
heavy lines delineate individual curves of rapidly adapting Type C cells. For Type F cells, heavy line delineates a transitional 
Type F cell whose voltage response, unlike those of typical Type F cells, demonstrated adaptation to hair bundle displace- 
ment (see text). Phase leads are plotted as positive (upward) values. 

with rapidly adapting Type C cells ( n = 3 ) having k A values cells had intermediate k A values, indicating that they, like 
ranging from 0.27 to 0.38 and slowly adapting Type C ( n = Type C cells, were slowly adapting to hair bundle displace- 

5) cells having k A values ranging from 0. 1 1 to 0.20. Type E ment (see below). Estimates of r A were only reliable when 



fig. 7. Mean Bode plots of gains (.4 and C) and 
phases (B and D) for 16 hair cells in Fig. 6 to sinusoi- 
dal hair bundle displacement. Open and solid sym- 
bols: extrastriolar and striolar ceils, respectively. 
Lines indicate best-fitting transfer functions to mean 
frequency response data (see text). Circles: Type B. 
Squares: Type C. Triangles: Type F. Crosses: Type E. 
Points: means. Bars: SDs. 
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TABLE 3. Mean transfer function parameters, hair bundle 
displacement 





Hair Bundle Displacement 


Cell 

Type 

n 

k* 

lA, 

s 

r Tl> 

ms 

r T2» 

ms 

Type B 
MES 

1 

0.00 


5.25 

0.01 

MS/LS 

1 

0.04 

— 

3.00 

205.0 

LES 

— 

— 

— 

— 

— 

TypeC 

8 

0.24 

0.17 

1.07 

6.96 

RA 

3 

0.35 

0.12 

2.35 

5.61 

SA 

5 

0.13 

0.22 

0.34 

4.33 

Type F 

2 

0.01 

— 

7.84 

1982. 

Type E 

3 

0.14 

1.33 

25.22 

135.6 


Values are means, n is number of hair cells. k K and r A are the exponent 
and time constant of a fractional-lead operator, r T , and are time con- 
stants of a 2nd-order lag operator. Three transitional cells — 1 Type B, 1 
Type C, and 1 Type F — are not included in the above averages (see text). 
RA, rapidly adapting; SA, slowly adapting. For other abbreviations, see 
Table 1. 

the fractional-lead operator was effective (i.e., when k A was 
nonzero) because large changes in r A could be compen- 
sated by small changes in k A . This was true only for Type C 
and, to a lesser extent, Type E cells. For these cell types, 
estimates of r A were 0.17 s and 1.33 s, respectively. 

Response dynamics to intracellular current and hair 
bundle displacement 

In a previous study ( Baird 1 994 ) I examined the response 
dynamics of a separate population of hair cells to intracellu- 
lar current. The gains of hair cells to intracellular current 
were constant at low frequencies and decreased with in- 
creasing frequency. These gains differed markedly, reflect- 
ing the different resistances of hair cells at resting mem- 
brane potential. The phases of hair cells in response to in- 
tracellular current hovered near zero at low frequencies and 
became increasingly phase lagged for increasing frequency. 
When possible, I examined the responses of individual hair 
cells to both sinusoidal intracellular current and hair bun- 
dle displacement at multiple frequencies. This was accom- 
plished in seven cells, including six Type C cells and a Type 
F cell whose voltage responses closely resembled those of 
Type C cells. For other hair cell types this information was 
either unavailable or was obtained at different resting mem- 
brane potentials, preventing a direct comparison of the re- 
sponse dynamics to the two stimuli. 

The response dynamics of hair cells to sinusoidal hair 
bundle displacement differed in two respects from their re- 
sponse dynamics to intracellular current. First, hair cells 
that adapted to hair bundle displacement did not adapt to 
intracellular current. This is seen in Fig. 8, which illustrates 
the Bode plots of a rapidly adapting (Fig. 8, A and B) and 
slowly adapting ( Fig. 8, C and D ) Type C cell and the mean 
Bode plot of six Type C cells (Fig. 8, E and F) to both 
intracellular current and hair bundle displacement. In each 
case the responses to intracellular current (open symbols) 
did not display the gain enhancements and large phase 
leads displayed by the responses to hair bundle displace- 
ment (solid symbols) at low frequencies. Rather, adapting 


hair cells displayed low-pass filter characteristics in re- 
sponse to sinusoidal current, with constant gains and near- 
zero phases at low frequencies and decreasing gains and 
increasing phase lags at higher frequencies. Second, with 
the exception of one Type C cell, hair cells had higher band- 
widths to hair bundle displacement than they did to intra- 
cellular current, presumably reflecting the increased con- 
ductance resulting from the opening of increased numbers 
of transduction channels during hair bundle displacement. 
This was also reflected in the time constants of the best-fit- 
ting transfer functions to individual hair cells, which were 
larger in response to intracellular current than to hair bun- 
dle displacement. The mean dominant time constant of six 
Type C cells, for example, was 2.6 s to intracellular current 
but only 2.2 s to hair bundle displacement. 

I was unable to obtain the responses of individual Type B 
and Type E cells to both intracellular current and hair bun- 
dle displacement at multiple stimulus frequencies. I was, 
however, able to compare the responses of these cells to 
5.0-Hz sinusoids of intracellular current and hair bundle 
displacement. In each case, hair cells displayed smaller 
phase lags at this frequency to hair bundle displacement 
than they did to intracellular current, suggesting that they 
had higher bandwidths to the former stimulus. 

Responses to step hair bundle displacements 

Because of a lack of data at low frequencies it was not 
always possible to determine whether hair cells were adapt- 
ing using sinusoidal displacements. The low-frequency re- 
sponses of hair cells to hair bundle displacement were there- 
fore further assessed with step displacements. In general, 
adapting hair cells displayed adaptation to excitatory dis- 
placements that depolarized their membrane potentials. In- 
hibitory displacements, which hyperpolarized membrane 
potential, caused little or no adaptation during the step stim- 
ulus but did produce a depolarizing overshoot and subse- 
quent adaptation at the termination of the step stimulus. 

Hair ceils with differing hair bundle morphology had 
markedly different responses to hair bundle displacement. 
This is illustrated in Fig. 9, which depicts typical voltage 
responses of each hair cell type to both excitatory hair bun- 
dle displacement (left) and, if available, intracellular 
current ( right). Type B cells in both the striolar ( n = 1 ) and 
extrastriolar ( n = 1 ) regions displayed little or no adapta- 
tion to maintained hair bundle displacement. The re- 
sponses of these cells to step displacement strongly resem- 
bled their responses to steps of intracellular current. Hair 
cells restricted to the striolar region, on the other hand, had 
different responses to hair bundle displacement and intra- 
cellular current, displaying a marked adaptation to the 
former but not the latter stimulus. This adaptation took the 
form of response declines during step displacements and 
hyperpolarizing undershoots at their termination. The rate 
and extent of adaptation differed in different hair cells. As 
for sinusoidal stimuli. Type C cells had either rapidly or 
slowly adapting responses. Rapidly adapting Type C cells 
(n - 4), after initially rising to a peak value, declined in 
<50-100 ms to a small steady-state level. Other Type C 
cells {n = 3) had slower rates of adaptation, declining 
within 100-200 ms to larger steady-state levels. The rate of 
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fig. 8. Bode plots of gains and phases of individual rapidly (A and B) and slowly (C and D) adapting Type C cells and 
mean Bode plots of 6 Type C cells ( E and F) to sinusoidal intracellular current ( open squares) and hair bundle displacement 
(solid squares). Points: means. Bars: SDs. 


adaptation of Type C cells to step displacement, as for sinu- 
soidal stimuli, was correlated with their macular location, 
with rapidly and slowly adapting cells located in the outer 
and inner striolar rows, respectively. Type F {n = 4) and 
Type E (n = 2) cells adapted very slowly, reaching steady- 
state values in 300-500 ms, and displayed pronounced hy- 
perpolarizing undershoots at the termination of excitatory 
step displacements. In Type E cells these hyperpolarizing 
undershoots were also seen, albeit to a smaller extent, in the 
responses to intracellular current. With the exception of 
Type E cells, rapidly adapting cells declined to a greater 
extent than slowly adapting cells. Type E cells, although 
slowly adapting, displayed large response declines to step 
displacement. 

There was good agreement between the time constants of 
adaptation measured in the time and frequency domain. In 
four rapidly adapting Type C cells the mean time constant 
of adaptation to step displacement, measured as the time 
constant of the best-fitting exponential, was equal to 0.06 s, 
a value in reasonable agreement with 0.12 s, the time con- 
stant obtained from the best-fitting transfer function for 
three rapidly adapting Type C cells to sinusoidal stimula- 
tion (Table 3). A similar result was obtained for slowly 
adapting Type C cells, for which the time constants of adap- 
tation to step and sinusoidal displacement were 0.20 s and 
0.22 s, respectively. The best-fitting transfer functions for 
each hair ceil type, summarized in Table 3, were also used 
to derive theoretical responses of these hair cells to step 


displacement (data not shown). Parameters used in these 
calculations were, with the exception of a constant gain 
term, derived from the mean Bode plots of each hair cell 
type. With one exception, the predicted response declines 
after excitatory step displacement were close to that actu- 
ally observed. The one discrepancy involved the time 
course of the hyperpolarizing undershoot after the response 
decline in rapidly adapting Type C cells, which was more 
pronounced than that seen in response to step displace- 
ments. 

Adaptation versus step amplitude 

The peak and steady-state responses of hair cells were 
examined to excitatory step displacements of varying am- 
plitude (Fig. 10). For small amplitudes the peak responses 
of hair cells to hair bundle displacement were linearly re- 
lated to the amplitude of hair bundle displacement. At 
larger amplitudes the peak responses of hair ceils began to 
saturate. The range of linear response and sensitivity to hair 
bundle displacement was different in different hair cell 
types. Type B cells, for example, produced the smallest volt- 
age responses to hair bundle displacement. These re- 
sponses, however, were linear over a wide range, barely dis- 
playing saturation at 2-/*m displacements. Type C cells pro- 
duced larger voltage responses but only over a narrower 
range, displaying saturation for hair bundle displacements 
>1 jim. Type F and Type E cells had the large voltage re- 
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fig. 9. Voltage responses of typical Type B, Type C, Type F, and Type 
E cells to steps of hair bundle displacement ( left) and intracellular current 
(right). Numbers at left and right indicate the resting membrane potential 
of the ceil and the amplitude of the current stimulus, respectively. 


sponses but most restricted linear range of all utricular hair 
cells, displaying saturation for step displacements >0.5 jim. 
With the exception of Type B cells, the lengths of the lon- 
gest stereocilia of striolar hair cells were similar (Table 1 ), 
indicating that this discrepancy was not due merely to the 
way in which hair cells were stimulated in this study. The 
time course of adaptation, at least for displacements in the 
linear operating range, was not a function of stimulus am- 
plitude. 

With the possible exception of rapidly adapting Type C 
cells, the steady-state responses of adapting hair cells, at 


least for small step amplitudes, were also linearly related to 
step amplitude. The steady-state responses of rapidly adapt- 
ing Type C ceils were relatively independent of stimulus 
amplitude, although this was difficult to measure because 
of the small size of these responses. Thus the extent of adap- 
tation, as measured by the inverse ratio of the peak and 
steady-state responses, was independent of stimulus ampli- 
tude. The extent of adaptation was also, as mentioned 
above, different in different hair cell types, being least in 
Type F cells and greatest in rapidly adapting Type C cells. 

The steady-state sensitivities of Type B hair cells, whether 
in the striolar or extrastriolar region, to step stimulation 
were in reasonable agreement with their sensitivities to low- 
frequency sinusoidal stimulation (Table 4), suggesting that 
these cells do not adapt to maintained hair bundle displace- 
ment. The sensitivity of a Type B cell in the medial extrastri- 
ola to step displacement and 5.0-Hz sinusoidal displace- 
ment, for example, was 0.63 and 0.59 mV/^m. For a strio- 
lar Type B cell the sensitivity to step displacement and 
0.5-Hz sinusoids was 1.95 and 1.18 mV//im, respectively. 
The mean sensitivity of Type F cells to step displacement, 
on the other hand, was significantly less than their sensitiv- 
ity to 0.5 Hz sinusoidal stimulation (8.58 and 13.23 mV/ 
^m, respectively). This suggests that although little evi- 
dence of adaptation was seen in these cells in response to 
sinusoidal stimulation (Figs. 5-7), Type F cells do adapt to 
very low-frequency displacement. This suggestion is further 
supported by the results of studies using long-duration step 
displacements (see below). As expected, the sensitivities of 
Type C and Type E cells to step displacement were also less 
than their sensitivities to low-frequency sinusoidal stimula- 
tion, confirming that they also adapt to maintained hair 
bundle displacement. Type C cells, for example, had mean 
sensitivities of 1.1 1 mV/^m to step displacement and 1.56 
mV / /im to 0.5-Hz sinusoidal displacement. The mean sen- 
sitivities of Type E cells to the same stimuli were 9.68 and 
11.12, respectively. 

Adaptation versus step duration 

The effects of increasing step duration on adaptation 
were examined at step durations ranging from 100 ms to 10 
s(Fig. 1 1 ). In nonadapting Type B ceils there was no sign of 
adaptation to either 1- or 2-s step displacements. Other hair 
cell types, however, displayed increasing amounts of adapta- 
tion at longer maintained hair bundle displacements. This 
was seen most clearly in Type F cells, which were relatively 
nonadapting at 100- and 200-ms step displacements but 
demonstrated increasing amounts of adaptation in re- 
sponse to steps of longer duration. In rapidly adapting Type 
C cells (data not shown) the time course of adaptation was 
similar at all step durations, confirming that adaptation in 
these cells is completed before 1 00 ms. I did not record the 
responses of these hair cells to shorter step durations. More 
slowly adapting Type C hair cells, on the other hand, had 
different time courses for different step durations. In slowly 
adapting Type E cells adaptation continued despite a lack 
of maintained stimulus, suggesting that adaptation was ac- 
tivated by the excitatory hair bundle displacement but de- 
layed by the kinetics of some intermediate process. This 
delay may reflect the kinetics of calcium regulation in dif- 
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fig. 10. Voltage responses of typical Type B. Type C. 
Type F, and Type £ hair cells to step hair bundle displace- 
ments of varying amplitude. Peak (open symbols) and 
steady-state (solid symbols) responses for each hair cell are 
plotted vs. hair bundle displacement to the right. Circles: 
Type B. Squares: Type C. Triangles: Type F. Crosses: Type 
E. Points: means. Bars: SDs. 


ferent hair cell types and may be the rate-limiting step in 
determining the kinetics of the adaptation process in differ- 
ent hair cell types (see below). 

DISCUSSION 

In the companion paper (Baird 1994) I demonstrated 
that utricular hair cells in different macular zones differed 
in their responses to intracellular current, implying that 
these cells differed in their complement of basolateral 
membrane conductances. In this study I demonstrate that 
utricular hair cells in different macular zones also differ in 
their sensitivity and response dynamics to hair bundle dis- 
placement. Because the response dynamics of hair cells to 
intracellular current differ from those to hair bundle dis- 
placement I argue that these differences arise not from the 
passive or active membrane properties of hair cells but 
rather from an adaptation process associated with mechano- 
electric transduction. Adaptation, by preventing tonic dis- 


placements from saturating the mechanoelectric response, 
allows hair cells to maintain sensitivity to higher-frequency 
displacements. More specifically I suggest that utricular 
hair cells vary in their rate of adaptation to maintained hair 
bundle displacement, regulating their sensitivity and fre- 
quency selectivity and allowing some hair cell types to en- 
code static gravity and others to encode high-frequency lin- 
ear acceleration. 

Previous studies have demonstrated that adaptation is 
not a universal property of hair cells. Hair cells in chick 
vestibular endorgans (Ohmori 1985, 1987) and the mam- 
malian cochlea (Russell et al. 1989), for example, do not 
adapt at all to hair bundle displacement. Hair cells in differ- 
ent endorgans are also known to differ in their rates of adap- 
tation. In the turtle cochlea (Crawford et al. 1989, 1991 ), 
for example, hair cells adapt an order of magnitude faster 
than do hair cells in the bullfrog sacculus ( Assad et al. 1989; 
Eatock et al. 1987; Hacohen et al. 1989). Hair cells within 
individual endorgans, however, tend to have similar adapta- 
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TABLE 4. Response gains , step and sinusoidal hair bundle 
displacements 


CeU 

Type 

Sinusoidal Displacements 
Gain 

Step Displacements 
Gain 

0.5 Hz, 
raV/^ra 

5.0 Hz, 

mV/tim 

Peak. 

mV/Vm 

Steady-State, 

raV/Vm 

Type B 

1.18(1) 

0.52 ±0.18 (6) 



1.29 ±0.93 (2) 

MES 

— 

0.59 ± 0.25 (3) 

— 

0.63(1) 

MS/LS 

1.18(1) 

0.46 ± 0.08 (3) 

— 

L95(l) 

LES 

— 

— 

— 

— 

TypeC 

1.56 ±0.91 (8) 

2.83 ± 1.30(12) 

5.49 ± 1.69(7) 

1.11 ± 0.62 (7) 

TypeF 

13.23 ±2.90 (3) 

9.66 ± 2.36 (7) 

10.19 ± 1.22(4) 

8.58 ± 2.98 (4) 

Type E 

11.12 ±4.27 (2) 

2.94 ± 1.69 (4) 

13.25 ± 4.60 (2) 

9.68 ± 1.16(2) 


Values are means ± SD with sample numbers in parentheses. Three transitional 
units — 1 TypeB, 1 Type C, and 1 TypeF — are not included in the above averages (see 
text). For abbreviations, see Table 1 . 


and large responses to hair bundle displacement. When nor- 
malized for differences in hair bundle morphology, the 
maximum sensitivities of utricular hair cells to hair bundle 
displacement were similar to those reported for other hair 
cell preparations. Hair cells in the turtle (Crawford et al. 
1989) and mammalian cochlea (Russell et al. 1986) have 
maximum sensitivities of 30 mV/ 0 . Vestibular hair cells 
have somewhat lower sensitivities. Hair cells in the bullfrog 
sacculus, for example, have reported sensitivities from 2-4 
mV/ 0 (Eatock et al. 1987; Hudspeth and Corey 1977). 
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tion kinetics. To my knowledge these results are the first 
direct evidence of large-scale regional differences in adapta- 
tion in hair cells from a single inner-ear endorgan. 



Sensitivity of hair cells to hair bundle displacement 

My results reveal that hair cells with differing hair bundle 
morphology have different sensitivities to hair bundle dis- 
placement. More specifically, Type B and, to a lesser extent. 
Type C cells have lower sensitivities to hair bundle displace- 
ment than Type F and Type E cells. This was not due to the 
manner in which hair bundles were stimulated in this 
study. It was, however, partially determined by geometric 
factors associated with the hair bundle morphology of dif- 
ferent hair cell types. As long as hair bundle displacement is 
applied at the tip of the hair bundle, longer hair bundles are 
less sensitive to hair bundle displacement. They will, how- 
ever, linearly transduce a wider range of displacements. In 
many vestibular hair cells this process is further extended 
by using a long kinocilium to effectively increase stereocili- 
ary length. Hair bundles with large numbers of short stereo- 
cilia are also more sensitive than other hair bundles, be- 
cause small displacements produce large angular rotations 
and because more stereocilia imply more transducer chan- 
nels. When normalized for these geometric factors, how- 
ever, the sensitivities of utricular hair cell types were still 
markedly different, demonstrating that differences in hair 
bundle morphology can only partially compensate for in- 
trinsic differences in sensitivity between hair cell types. 
Other factors, not examined in this analysis, may also con- 
tribute to differences in sensitivity between hair cell types. It 
is possible, for example, that utricular hair cells differ in the 
size of their transduction conductances, the range of ten- 
sion conveyed by tip links to their transduction channels, or 
the probability of opening of their transduction channels. 

Differences in the sensitivity of utricular hair cells to hair 
bundle displacement might also reflect differences in the 
passive membrane properties of distinct hair cell types 
(Baird 1994). The sensitivity of hair cells to hair bundle 
displacement, however, did not correlate with their sensitiv- 
ity to intracellular current. Type B cells, for example, had 
high input resistances but low sensitivities to hair bundle 
displacement. Type C cells, by contrast, had low resistances 
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FIG. 11 . Voltage responses of typical Type B. Type C. Type F. and 
Type E hair cells to step hair bundle displacements of varying duration. 
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This compares favorably with my value of 2 mV / ° for Type 
F and Type E cells. Type B cells, on the other hand, had 
sensitivities of only 0. 1 mV / °. 

Hair cells in the bullfrog utriculus also differed in their 
linear range of transduction, suggesting that the relation- 
ship between hair bundle displacement and the probability 
of transduction channel opening is different in different 
hair cell types. Previous studies in auditor (Fuchs et al. 
1988; Russell et al. 1986) and chick vestibular (Ohmori 
1985, 1987) hair cells have also shown that hair cells with 
longer hair bundles differ in their linear range and sensitiv- 
ity to hair bundle displacement. The linear range of utricu- 
lar hair cells ranged from 3° in Type F and Type E cells to 
^25° in Type B cells and was similar to that reported for 
other preparations. In the turtle cochlea, hair cells encode 
<5° of angular rotation (Crawford et al. 1989). This range 
is somewhat larger in vestibular hair cells, ranging from 
~-7° for chick vestibular hair cells (Ohmori 1984, 1985 ) to 
— 15° for hair cells in the bullfrog sacculus (Hudspeth and 
Corey 1977). 

Response dynamics of hair cells to hair bundle displacement 

The response dynamics of utricular hair cells to hair bun- 
dle displacement, measured in both the time and frequency 
domain, differ from those to intracellular current. More 
specifically many hair cells display adaptation, recogniz- 
able by conspicuous response declines to maintained step 
displacements and large gain enhancements and phase 
leads to low-frequency sinusoidal displacement. This is a 
function of their macular location, with striolar but not 
extrastriolar cells adapting to hair bundle displacement. 
Among adapting cells the rate and extent of adaptation 
differs in different hair cell types. These differences are also 
correlated with macular location, with rapidly adapting 
cells located in the outer striolar rows and more slowly 
adapting cells located more centrally. The step responses of 
Type C cells in the outer rows, for example, are rapidly 
adapting. Type C ceils located more centrally adapt some- 
what more slowly to maintained displacement. Type F and 
Type E cells, located only in the inner striolar rows, adapt 
only in response to longer-duration step displacements. 
With the exception of Type E cells, the rate and extent of 
hair cells are also correlated, with rapidly adapting cells 
adapting to a greater extent than more slowly adapting hair 
cells. 

Similar response declines to step displacements are seen 
in intracellular recordings of receptor voltage from hair 
cells in the bullfrog sacculus (Eatock et al. 1987). In this 
preparation the responses of hair cells decline to 10-30% of 
their peak amplitude in response to depolarizing step dis- 
placements. Adaptation also manifests itself as a decline in 
the receptor current of voltage-clamped hair cells in both 
the bullfrog sacculus ( Assad et al. 1989; Eatock et al. 1987; 
Hacohen et al. 1989) and turtle cochlea (Crawford et al. 
1989, 1991 ) to maintained hair bundle displacement. The 
extent of adaptation is similar in auditory and vibratory 
hair cells. Its time course, however, is not. The responses of 
hair cells in the bullfrog sacculus decline to steady-state lev- 
els in <50 ms in response to depolarizing step displace- 
ments. Hair cells in the turtle cochlea adapt even more 


quickly, declining within 10 ms to ~-20% of their peak am- 
plitude ( Crawford et al. 1989). No evidence for adaptation 
has been seen in hair cells from the chick vestibular endor- 
gans (Ohmori 1985, 1987) or the mammalian cochlea 
(Russell et al. 1989). 

Adaptation in other inner ear endorgans. although it 
manifests itself as a progressive decline in receptor current 
or voltage, is not due to desensitization of the transducer 
channels (Assad et al. 1989; Crawford et al. 1989; Eatock et 
al. 1987; Hacohen et al. 1989). Rather, transduction per- 
sists with normal sensitivity, but the position at which the 
hair cell is most sensitive shifts from its initial resting posi- 
tion toward the current position of the hair bundle. Thus 
adaptation involves a mechanical adjustment of the tension 
stimulus reaching the displacement-sensitive stereocilia 
(Assad et al. 1989; Hacohen et al. 1989; Howard and Huds- 
peth 1987, 1988) or an adjustment of the open probabilities 
of the transduction channel (Crawford et al. 1989, 1991 ). 
This adjustment is believed to be made at the level of the tip 
links, fine filamentous links connecting adjacent stereocilia 
within the hair bundle (Osborne et al. 1988: Pickles et al. 
1984). Mechanoelectric transduction is disrupted when 
these links are severed by removal of calcium from the ex- 
ternal medium (Assad et al. 1991: Crawford et al. 1991). 
Recent physiological evidence suggests that a cytoplasmic 
motor, possibly a myosinlike protein ( Hacohen et al. 1989: 
Howard and Hudspeth 1987, 1988; Shepherd et al. 1990). 
maintains resting tension on transduction channels, per- 
haps by actively moving one or both ends of the tip links. 

Before concluding that response declines seen in utricu- 
lar hair cells are the result of an adaptation process asso- 
ciated with mechanoelectric transduction I must briefly 
consider some potential artifacts and alternative explana- 
tions for their generation. The observed declines in these 
voltage responses are unlikely to be an artifact due to the 
slipping of the stimulus probe. First, there was no observ- 
able motion of the top of the hair bundle and stimulus 
probes did not appear to lose contact with the hair bundle 
during an adapting stimulus. Second, the steady-state volt- 
age responses of adapting hair cells did not exhibit further 
changes after adaptation had taken place, even for step dis- 
placements ^ 10 s in duration, suggesting that the probe was 
well coupled to the hair bundle. Finally, the time course of 
adaptation was different in different hair cell types. Because 
the hair bundles of all hair cells were displaced in a similar 
manner, it seems unlikely that slippage of the stimulus 
probe would occur only for specific hair cell types. 

Unlike other studies in the bullfrog sacculus ( Assad et al. 
1989; Hacohen et al. 1989) and turtle cochlea ( Crawford et 
al. 1989, 1991), I did not directly record transduction 
current in these experiments. It is therefore possible that at 
least some of the response dynamics seen in response to hair 
bundle displacement were contributed by the gating ki- 
netics of voltage- and ion-dependent conductances in the 
basolateral membrane. Differences in the response dy- 
namics of utricular hair cells to hair bundle displacement 
would then reflect differences in the active membrane prop- 
erties of distinct hair cell types (Baird 1994). Several lines 
of evidence, however, suggest that this is unlikely. The am- 
plitude of voltage responses examined in this study was 
small. With the possible exception of Type C cells, which 
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may possess a persistent membrane conductance near rest- 
ing membrane potential (Baird 1994), it is therefore un- 
likely that voltage-dependent membrane conductances 
were activated to any large extent in response to the range of 
hair bundle displacements used in this study. Moreover, the 
low-frequency response dynamics of hair cells to hair bun- 
dle displacement were markedly different from those to in- 
tracellular current. Individual hair cells that adapted to hair 
bundle displacement, for example, did not adapt to intra- 
cellular current. In addition, hair cells that had similar re- 
sponse dynamics to intracellular current had very different 
response dynamics to hair bundle displacement. I cannot as 
yet rule out the possibility that the response declines seen in 
the responses of utricular hair cells are due to an inactiva- 
tion of their transduction channels. The most parsimonious 
interpretation of these results, however, is that, as in the 
bullfrog sacculus (Assad et al. 1989; Eatock et al. 1987; 
Hacohen et al. 1989) and turtle cochlea (Crawford et al. 
1989, 1991 ), adaptation acts to reduce the mechanical in- 
put to tha transducer channels, resetting the operating 
range of the hair bundle. 

It is important to establish that differences in adaptation 
kinetics are not an artifact determined by variations in the 
physiological state of hair cells during recording. Adapta- 
tion in hair cells is known to be more labile than mechano- 
electric transduction (Assad et al. 1989; Eatock et al. 1987) 
and has even been compromised in early whole-cell patch- 
clamp recordings (Holton and Hudspeth 1986). This is 
probably due to the known tendency for patch-clamp elec- 
trodes to dialyze cells, leaching the intracellular cytoplasm 
of important cofactors or second messengers necessary for 
many physiological phenomenon (Marty and Neher 
1983). The sharp intracellular microelectrodes used in this 
study would not be expected to produce such an effect. 
Moreover, if such a mechanism were at work, one might 
expect to see adapting cells only at early times during an 
experiment or to find substantial disagreement between in- 
tracellular data acquired at different times from the same 
hair ceil. Neither of these possibilities was observed. 

There are still several potential difficulties with conclud- 
ing that adaptation kinetics vary in different hair cell types. 
First, the number of hair cells recorded in this study was 
small and these cells were located only within the striola or 
immediately adjacent to its medial border. A larger and 
more widely dispersed sample of hair cells, particularly in 
the extrastriolar regions, would be desirable. Because of the 
limited data set, many of my interpretations about the rate 
and extent of adaptation in different hair cell types should 
be viewed cautiously. In addition, hair cells were not always 
stimulated at identical resting membrane potentials. In 
other preparations (Assad et al. 1989; Crawford et al. 1989; 
Hacohen et al. 1989), depolarizing membrane voltages 
have been shown to shift the resting DRCs of hair cells to 
the left, decreasing both the size of the response and the rate 
of adaptation to a given hair bundle displacement. I would 
therefore expect adaptation to be more difficult to detect in 
hair cells with more depolarized resting membrane poten- 
tials. Furthermore, the rate of any observed adaptation 
would be underestimated in these cells. It is therefore possi- 
ble that nonadapting hair cells were simply recorded at 
more depolarized resting membrane potentials than rapidly 


adapting cells. This was not observed. Rather, rapidly- 
adapting hair cells often had more depolarized resting 
membrane potentials than more slowly adapting hair cells. 
Furthermore, hair cells with similar resting membrane po- 
tentials often displayed markedly different rates of adapta- 
tion to hair bundle displacement. 

A second possibility is that some hair cells were driven 
into negative or positive saturation by the placement of the 
stimulating probe, obscuring the presence of adaptation to 
maintained hair bundle displacement. To guard against this 
possibility, I was careful to compare the resting membrane 
potential of hair cells before and after placement of the sti Ul- 
ulating probe and to examine the form of the DR C. It is 
nevertheless possible that the hair bundles of some hair cells 
were displaced from their resting position by the stimulus 
probe, especially with the relatively large displacements 
used in these experiments. This is supported by the observa- 
tion that nonadapting hair cells were extremely sensitive to 
resting hair bundle position and were easily driven into neg- 
ative or positive saturation. Rapidly adapting hair cells, 
however, were not sensitive to resting hair bundle position, 
suggesting that utricular hair cells do differ in their adapta- 
tion kinetics. 

A third potential difficulty with these studies was that 
hair cells were not always stimulated at identical displace- 
ments. The process underlying adaptation in auditory' and 
vibratory hair cells is nonlinear, occurring more rapidly for 
excitatory than for inhibitory steps and more completely 
for small than for large steps ( Assad et al. 1 989; Crawford et 
al. 1989, 1991; Eatock et al. 1987; Hacohen et al. 1989). In 
these preparations, the time course of the response to adapt- 
ing steps of varying amplitude follows roughly similar time 
courses, so long as hair bundle displacement is kept below a 
certain level. At saturating hair bundle displacements, how- 
ever, the time course of the voltage response does not reflect 
the actual time course of adaptation. It is therefore possible 
that I underestimated the rate of adaptation in some hair 
cells. Voltage responses in Type B cells, for example, were 
small and, unlike other hair ceil types, observed only for 
large hair bundle displacements. It is possible that these 
ceils would have exhibited faster rates of adaptation at 
smaller stimulus amplitudes. Hair cells stimulated with sim- 
ilar displacements, however, still differed dramatically in 
their rate of adaptation to hair bundle displacement, sup- 
porting the conclusion that large variations exist in the adap- 
tation kinetics of utricular hair cells. 

Differences in the response dynamics of utricular hair 
cells to hair bundle displacement were correlated with dif- 
ferences in hair bundle morphology rather than macular 
location per se. Type B cells, for example, had similar re- 
sponse properties, whether they were located in the striolar 
or extrastriolar region. Moreover, hair cells in similar macu- 
lar locations, but with differing hair bundle morphology, 
differed in their responses to hair bundle displacement. 
Type C cells in the inner striolar rows, for example, were 
more rapidly adapting than other cell types in these rows. 
At the same time, the relation between adaptation kinetics 
and hair bundle morphology was not absolute. The adapta- 
tion kinetics of Type C cells, for example, varied over a 
wide range. A few hair cells also had intermediate physiolog- 
ical properties. Hair cells on the striolar border, for exam- 
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pie, could be nonadapting, resembling Type B cells, or rap- 
idly adapting, resembling the responses of Type C cells. 
This was also seen in the striolar region, where the re- 
sponses of one T ype F cell strongly resembled those of Type 
C cells. These transitional units may have been inadver- 
tently misclassified. The fact that these cells were all located 
in transitional macular locations, however, suggests that 
they may represent natural variations. 

Previous studies in both the bullfrog sacculus (Assad et 
al. 1989; Hacohen et al. 1989) and the turtle cochlea 
(Crawford et al. 1989, 1991) have shown that the kinetics 
of adaptation are a function of both membrane voltage 
and calcium concentration. As Assad et al. (1989) and 
Crawford et al. ( 1989) have shown, both the decline in 
receptor current and the shift in the DRC of adapting hair 
cells are slower at depolarized potentials. This voltage de- 
pendence is eliminated if extracellular calcium concentra- 
tion is reduced (Assad et al. 1989), suggesting that this 
dependence is an indirect consequence of external cal- 
cium entry through transduction channels and that the 
entry of external calcium into the stereocilia facilitates the 
adaptation process. The rate of adaptation is also reduced 
by lowering extracellular calcium concentration ( Eatock 
et al. 1987; Hacohen et al. 1989) or by including high 
concentrations of the calcium chelator bis-( O-ammo- 
phenoxyl-AWAOV'-tetraacetic acid in the interior of 
patch-clamp pipettes (Crawford et al. 1989). Calcium 
may also directly affect the kinetics of the transduction 
channel (Crawford et al. 1989, 1991). In either case, it 
appears likely that adaptation is predicated on the action 
of calcium at some internal site and may be slowed or 
prevented by limiting the access of calcium to this site. 
Thus the dynamics of calcium regulation within the hair 
bundle, which are interposed between tip-link displace- 
ment and the relaxation of tension to the transduction 
channels, may constitute a rate-limiting intermediate pro- 
cess that controls adaptation kinetics. 

Calcium regulation within the hair bundle is unlikely to 
be accomplished entirely by passive diffusion. As Crawford 
et al. (1989) point out, the kinetics of adaptation are non- 
linear, with the rate of adaptation being slower for larger 
transduction currents. This is the opposite of what would be 
expected from the entry of external calcium followed by 
passive diffusion. More likely, calcium is actively seques- 
trated by Ca 2+ -binding proteins that act to limit free cal- 
cium concentration within the hair bundle. The dynamics 
of calcium regulation would then be governed by the rela- 
tive affinities of individual Ca 2+ -binding proteins for cal- 
cium. The role of Ca 2+ -binding proteins in regulating adap- 
tation is not clear, although the rate of adaptation is re- 
duced by nonselective calmodulin inhibitors (Corey et al. 
1987). 

Utricular hair cells with differing rates of adaptation may 
possess different complements of Ca 2+ -binding proteins. 
Some support for this suggestion is found in the results of 
recent biochemical (Gillespie and Hudspeth 1991; Shep- 
herd et al. 1989), immunocytochemical (Dechesne and 
Thomasset 1988; Dechesne et al. 1988; Oberholtzer et al. 
1988; Rabie et al. 1983; Sans etal. 1986, 1987; Shepherd et 
al. 1 989 ) , and molecular biological ( Dememes et al. 1991) 
studies. These studies have demonstrated the presence of 


several Ca 2+ -binding proteins, including calbindin (De- 
chesne and Thomasset 1988; Dechesne et al. 1988; Ober- 
holtzer et al. 1988; Rabie et al. 1983; Sans et al. 1986. 
1987), calmodulin (Shepherd et al. 1989), calretinin (De- 
chesne et al. 1991 ), and S-100 (Saidel et al. 1990) in audi- 
tory and vestibular hair cells. In bullfrog saccular hair cells 
these proteins have been localized to the hair bundle, sug- 
gesting that they are involved with mechanoelectric trans- 
duction (Gillespie and Hudspeth 1991; Shepherd et al. 
1989). In addition, recent studies in our laboratory (Baird 
and Schuff, unpublished data) have demonstrated that 
utricular hair cells differ in their complement of Ca 2+ -bind- 
ing proteins. 

Functional organization of the utricular macula 

Hair cells in the bullfrog utriculus are specialized, via a 
combination of mechanical and ionic mechanisms, to en- 
code both static and dynamic acceleration. Sensitivity, for 
example, is determined both by mechanical factors asso- 
ciated with hair bundles and by the passive membrane prop- 
erties of hair cells. Response dynamics, on the other hand, 
are governed by the kinetics of an adaptation process asso- 
ciated with transduction channels and of voltage-depen- 
dent conductances in the basolateral membrane. Thus 
Type B cells, with their long kinocilium and short stereo- 
cilia, have lower sensitivities to stereociliary displacement 
than other utricular hair cells. This lower sensitivity, al- 
though somewhat offset by the higher sensitivity of these 
cells to intracellular current ( Baird 1 994 ) , allows them to 
faithfully transduce a wider range of hair bundle displace- 
ments than other hair cell types. Type B cells also do not 
adapt or adapt only very slowly to maintained hair bundle 
displacement. They are therefore well. suited for encoding 
static gravity and low-frequency linear acceleration. Hair 
cells restricted to the striolar region, on the other hand, have 
higher sensitivities to natural stimulation. Moreover, they 
have higher frequency sensitivities than extrastriolar hair 
cells, and, in the case of Type E cells, are electrically tuned 
to further enhance their high-frequency sensitivity ( Baird 
1994). Type C cells, for example, resemble Type B cells in 
having relatively low sensitivities to hair bundle displace- 
ment. Unlike Type B cells, however, they rapidly adapt to 
maintained hair bundle displacement. The rapid adapta- 
tion of Type C cells has two consequences. First, it prevents 
static gravity from saturating their responses, allowing 
them to maintain high sensitivity to smaller, high-fre- 
quency linear accelerations. Second, it reduces their input 
conductance at the termination of depolarizing displace- 
ments, allowing them to respond to signals over a wider 
dynamic range (Crawford et al. 1989). In the inner striola, 
Type F and Type E cells have higher sensitivities and trans- 
duce a smaller range of displacement than other hair cells. 
They also adapt, although more slowly, to maintained hair 
bundle displacement. The slower time course of adaptation 
in these cells may enable them to retain a higher degree of 
sensitivity to low-frequency displacement. This would pre- 
sumably reduce the sensitivity of these cells to high-fre- 
quency displacement but might allow them to retain sensi- 
tivity to both static and dynamic acceleration. 
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Contribution of hair cell adaptation to afferent response ■ 
dynamics 

Utricular afferents in bullfrog (Baird and Lewis 1986; 
Blanks and Precht 1976; Caston et al. 1977) and fish (Ma- 
cadar et al. 1975) have previously been classified as gravity 
or vibratory sensitive. Gravity afferents have been further 
classified into three classes according to their responses to 
head tilt. Tonic gravity afferents respond to head position, 
phasic gravity afferents respond to head velocity, and pha- 
sic-tonic afferents respond to both head position and veloc- 
ity. Higher vertebrates possess only tonic and phasic-tonic 
otolith afferents (Anderson et al. 1978; Fernandez and 
Goldberg 1976a,b; Goldberg et al. 1990a; Perachio and 
Correia 1983; Vidal et al. 1971). 

Morphophysiological studies suggest that differences in 
afferent response dynamics are solely determined by re- 
gional variations in presynaptic transduction mechanisms 
(Baird et al. 1988; Goldberg et al. 1985, 1990b). In the 
semicircular canal, regional variations in cupular dynamics 
(Boyle et al. 1991; Hillman and McLaren 1979; Honrubia 
et al. 1981, 1989; McLaren and Hillman 1979) or the cou- 
pling of the cupula to the sensory hair bundles of hair cells 
(Honrubia et al. 1981, 1989; Lim 1976) may underlie the 
diversity in response dynamics. In the otolith organs, on the 
other hand, differences in afferent response dynamics may 
be determined by differences in the transduction mecha- 
nisms of different hair cell types. In the bullfrog utriculus, 
the response dynamics of utricular afferents are correlated 
with the hair bundle morphology of their innervated hair 
cells ( Baird and Lewis 1986), suggesting that hair cells with 
differing hair bundle morphology may represent indepen- 
dent hair cell types with distinctive physiological response 
properties. 

These results suggest that the response dynamics of grav- 
ity afferents are largely determined by the rate of adaptation 
in their innervated hair cells. Tonic gravity afferents, for 
example, innervate Type B cells in the medial and lateral 
extrastriolar regions (Baird and Lewis 1986). Other affer- 
ent classes supply the striolar region, generally innervating 
a complex mixture of hair cell types (Baird and Schuff 
1994). Phasic and phasic-tonic gravity afferents, for exam- 
ple, are both known to innervate hair cells in the outer 
striolar rows ( Baird and Lewis 1986). Afferents innervating 
these rows largely innervate Type B and Type C cells ( Baird 
and Schuff 1994). Moreover, the numbers of Type B and 
Type C hairs innervated by these afferents are inversely 
correlated. This suggests that striolar afferents with varying 
degrees of tonic and phasic gravity sensitivity differ in the 
number of Type B and Type C hair cells they contact. This 
hypothesis is supported by the results of the present study, 
which indicate that Type B cells, whether located in the 
striolar or extrastriolar region, are sensitive only to low fre- 
quencies and are nonadapting or very slowly adapting to 
hair bundle displacement. Type C cells, on the other hand, 
rapidly adapt to hair bundle displacement, suggesting that 
they encode head velocity rather than head position. Type 
F and Type E cells, which adapt only slowly and to a limited 
extent, may also contribute to tonic gravity sensitivity. 
These cells, however, represent only a small percentage of 


the total innervation of most striolar afferents ( Baird and 
Schuff 1994). 

With the exception of vibratory afferents, utricular affer- 
ents in the bullfrog have peripheral innervation patterns 
( Baird and Schuff 1 994 ) and physiological response proper- 
ties (Baird and Lewis 1986) similar to those seen in mam- 
mals. Recent studies have also shown that the longest stereo- 
cilia of Type I and Type II hair cells in mammals display 
regional variations in morphology similar to those seen in 
the bullfrog (Lapeyre et al. 1992). Such variations, more 
subtle than those involved in the separation of hair cells 
into Type I and Type II varieties, may be associated with 
differences in hair cell physiology in many vertebrate spe- 
cies, including mammals. 
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